ABSTRACT. We investigated the association between 12 single nucleotide polymorphisms (SNPs) in 11 genes involved in folate metabolic and preterm birth. A subset of SNPs selected from 11 genes/ loci involved in the folic acid metabolism pathway were subjected to SNaPshot analysis in a case-control study. Twelve SNPs
INTRODUCTION
Preterm birth (PTB; birth before 37 weeks in humans) is one of the most common disorders threatening perinatal health. The prevalence of PTB continues to increase. A study of 1,112,897 newborns in 155 large hospitals in 23 provinces and cities from 2005 to 2009 revealed that the 5-year average prevalence of preterm birth was 5.5% in China according to the Chinese Preterm Clinical Research Consortium.
PTB is the leading cause of infant death in China. Prematurity is associated with 75% of cases of infant mortality and 50% of long-term neurological handicaps, including blindness, deafness, developmental delay, cerebral palsy, and chronic lung disease. The etiologies of most preterm births remain unknown. Various factors have been associated with an increased risk for preterm delivery, including maternal anthropometrics, health and age, prenatal care, and socioeconomic status; however, none of these factors have been found to entirely and adequately explain the cause of preterm birth (Han et al., 2011) .
In a cohort of 34,480 singleton pregnancies, preconceptional folate supplementation was found to be associated with a 50-70% reduction in the incidence of early spontaneous PTB (Bukowski et al., 2009) . Additionally, hyperhomocysteinemia was found to be associated with preterm birth in mice (Sonne et al., 2013) . Growing evidence suggests that genes related to the folate metabolism pathway are involved in PTB and that their possible roles in PTB are likely complicated by interactions with dietary habits. Previous reports demonstrated that serine hydroxymethyltransferase 1 C1420T, N 5 , N 10 -methylenetetrahydrofolate reductase (MTHFR) C677T, and A1298C may be associated with a high risk of PTB (Chen et al., 2004; Valdez et al., 2004; Engel et al., 2006) . However, no case-control studies have been conducted to determine genotype frequencies using the SNaPshot method among PTB cases to investigate the association between genetic variants in folate and the 1-carbon metabolic pathway and PTB.
MATERIAL AND METHODS
A total of 503 subjects were enrolled in this study and provided informed consent, including 315 cases of preterm babies and 188 normal in-term babies who were born in the Suzhou Maternal-Child Medical Center from 2008 to 2011. DNA from 315 preterm babies was extracted from blood spots using an NP968 automatic nucleic acid extraction apparatus, which was originally used for neonatal screening for genetic metabolism diseases; DNA samples from 188 in-term babies were extracted from cord blood using the Qiagen DNA Blood Mini Kit (Hilden, Germany). The study was approved by the Ethics Committee for Human Research, Suzhou Hospital Affiliated to Nanjing Medical University.
Genotyping
To understand the specific role of SNPs in genes involved in folate metabolis in PTB, 12 candidate SNPs in 11 genes were genotyped using the SNaPshot method. The protocol for the SNaPshot method has been published elsewhere (Bardien et al., 2009; Wu et al., 2009 ) and was used with some modifications (Wang et al., 2013) . The primers were synthesized by the Shanghai Genearray Company in China.
Statistical analysis
Statistical tests were performed, including the c 2 test and binary logistic analysis, using the SPSS software (17.0) for Windows. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated when P < 0.05 was considered to be statistically significant.
RESULTS

Genotype distribution
We screened 12 candidate SNPs in 11 genes involved in folate metabolism to determine their association with preterm birth in 315 PTB babies and 188 term babies using the SNaPshot method. The genotype frequencies of the 12 SNPs were in agreement with Hardy-Weinberg equilibrium. Data regarding genotype distributions are shown in Table 1 . The mutation frequencies in the 12 SNPs showed no significant differences between preterm and term babies, although the mutation frequencies in some SNPs were lower in preterm babies, including MTHFD-G1958A, MTHFR-C677T, MTRR-A66G, CBS-C699T, MTHFR-A1298C, DHFR-c594+59del19, and TYMS-1494del6 . Additionally, the mutation frequencies of several SNPs were higher in PTB babies, including MTR-A2756G, NFE2L2-ins1+C11108T, RFC1-G80A, GSTO1-C428T, and TCN2-C776G. These results do not support that the mutation genotypes of the 12 SNPs analyzed were independent risk factors of PTB. Binary logistic regression was used to analyze the associations between the 12 SNPs and PTB in order to eliminate the interaction effect (Table 2) . Additionally, there was no evidence that the mutation genotypes increased or decreased the risk of PTB. 
Compound mutation genotypes
Compound genotypes were analyzed, including compound mutation genotypes and combined wild-type genotypes. We identified only 1 compound mutation genotype, MTHFD-G1958A, MTR-A2756G, and RFC1-G80A, showing a significant difference between preterm and term babies. This value was 7.3% in preterm babies, which was significantly higher than the value of 2.7% in term babies, suggesting that the compound mutation genotype MTHFD-G1958A, MTR-A2756G, and RFC1-G80A may be a risk factor for PTB (OR = 2.88, 95%CI = 1.08-7.72, and P = 0.028). We also found that seven preterm babies carried the compound mutation genotypes, MTHFD-G1958A, MTR-A2756G, and CBS-C699T, but this was not observed in term babies. Although there was no significant difference between preterm and term babies according to the c 2 test with P = 0.067, the compound mutation genotype MTHFD-G1958A, MTR-A2756G, and CBS-C699T may be a risk factor for PTB given our small sample size. Data regarding other compound mutation genotypes showed no significant differences, but the P values were close to 0.05 (Table 3) . 
DISCUSSION
Folic acid is an essential vitamin in cell growth and division, but cannot be synthesized in the human body and thus must be acquired from outside sources. Gene polymorphisms in some enzymes involved in the folate metabolism pathway have been associated with neural tube defects, cardiovascular disease, Down's syndrome, spontaneous miscarriage, lymphocytic leukemia, breast cancer, gastric cancer, and esophageal tumors, Alzheimer's disease, and other diseases (Sharp and Little, 2004) . Recently, several studies have demonstrated an association between folate metabolism gene SNPs, and PTB, including the MTHFR-C677T, MTHFR-A1298C, MTR-D919G, MTRR-A66G, and SHMT1-C1420T mutations; however, the results of these studies varied in different ethnic populations (Stonek et al., 2007) .
One-carbon metabolism is essential for de novo purine and thymidylate (dTMP) synthesis and for the remethylation of homocysteine to methionine, which can be adenosylated to form the universal methyl donor S-adenosylmethionine. One-carbon metabolism can be impaired by genetic variation, nutrient deficiencies, or both, which can simultaneously disrupt de novo nucleotide biosynthesis and S-adenosylmethionine synthesis to result in reduced proliferative capacity, increased uracil in DNA, elevated plasma homocysteine, and reduced cellular methylation (Stover, 2004; Beaudin et al., 2011) .
Here, we report the association between SNPs in one-carbon metabolism-related genes and PTB in China. Twelve SNPs from 11 candidate genes involved in folate metabolism were screened to identify associations with PTB in 315 newborn preterm babies and 188 term babies using the SNaPshot method, including MTR-A2756G, MTRR-A66G, DHFR-c594+59del19, MTHFR-C677T, and -A1298C, CBS-C699T, GST01-C428T, MTHFD1-G1958A, NFE2L2-ins1+C11108T, RFC1-G80A, TCN2-C776G, and TYMS-1494del6. MTHFR is the gene most implicated as being related to the folate metabolism pathway, which was reported in the association with PTB. MTHFR is a rate-limiting enzyme involved in folate metabolism and catalyzes the conversion of N 5 ,N 10 -methylenetetrahydrofolate into N 5 -methyltetrahydrofolate, which is converted to homocysteine and methionine. The human gene encoding N 5 ,N 10 -methylenetetrahydrofolate reductase is located on chromosome 1p36.3, and nearly 20 mutations in MTHFR genes have been identified; the most common MTHFR mutations include C677T (valine→alanine) and A1298C (glutamate→alanine), which lead to reduced enzyme activity (van der Put et al., 1998) . Previous studies have found that the MTHFR-C677T mutation may increase the demand of folic acid, particularly during the fetal growth period, which may cause a relative lack of folic acid. Good nutrition can reduce elevated hyperhomocysteinemia caused by mutations in the MTHFR gene. MTHFR-C677T and MTHF-A1298C showed only a minimal association with preterm delivery in both whites and blacks (Engel et al., 2006; Gargano et al., 2009) as well as in cases in Turkey (Uvuz et al., 2009 ) in some studies. Gargano also studied 560 whites and 399 blacks and showed that MTHFR-C677T and MTHFR-A1298C were only correlated with the placental-type premature birth, but had no correlation with the other types of premature births. Stonek et al. (2007) prospectively studied 1675 MTHFR-C677T carriers using DNA microarray and found that 16.6% of 278 women developed had at least one mutant phenotype (intrauterine demise, preeclampsia, premature delivery, and fetal growth less than a week of pregnancy) and concluded that MTHFR-C677T may be a genetic marker for fetal development that does not reach gestational age. Chen et al. (2004) reported that the MTHFR CT genotype and TT genotype may significantly increase the risk of preterm birth and low birth weight in Chinese people, compared with the MTHFR CC genotype when children' genotypes were considered; these results were statistically significant. The MTHFR gene polymorphism was not associated with preterm birth and low birth weight when mothers' genotypes were considered. Additionally, the study found no significant interaction between mothers' and childrens' genotypes with the risk of preterm birth and low birth weight. Furthermore, MTHFR (677) T mutant alleles in preterm core pedigrees did not agree with Mendel's laws of inheritance, and may be genetic susceptibility loci causing premature birth. In addition, the MTHFR gene may lead to low birth weight through gestational week shortening when delivery is premature (Chen et al., 2004) . We found that 1 site or a combination of 2 sites were weakly correlated with preterm birth. MTHFR C677T and A1298C polymorphisms have been examined in various studies of genetic variation involved in folate metabolis. However, the results were conflicting, with some studies reporting protective effects for MTHFR-677TT (Skibola et al., 2002) and -1298 CC, whereas others, including this study, yielded little or no evidence of an effect of MTHFR-C677T and -A1298C (Gargano et al., 2009) . There are several possible reasons for these inconsistencies, such as the small case population used in many previous studies. Additionally, different standards were used to select the control groups. Finally, the complexity of the folate metabolism pathway may have resulted in inconsistencies.
In addition to MTHFR-C677T and A1298C, MTR-A2756G, MTRR-A66G, and DHFR-c594+59del19 are also interesting as candidate genes.
Methyltransferase/methionine synthase catalytic homocysteine methylation generate methionine and reduce to S-adenosylmethionine, which donates a methyl group in vivo. The gene coding methionine synthase is located on chromosome 1q43. MTR-A2756G (glycine→aspartic acid) is located in the domain relevant to vitamin B 12 cofactor methylation, and reactivation and mutations can lead to changes in enzymatic activity, which affects the DNA methylation status and downstream gene expression. Beaudin et al. (2012) found no association between MTR-A2756G and preterm birth in both white and black subjects. In our study, we found a correlation between MTR-A2756G and PTB in Chinese subjects. Results from Chinese people are coincident with that found in the white and black populations.
Methionine synthase reductase (MTRR) can reduce the activity of methyltransferase, a cofactor of methionine synthase that can maintain methionine synthase activity through cobalamin interactions. MTRR plays an important role in converting homocysteine to methionine, DNA methylation, and biosynthesis. The gene coding methionine synthase reductase is located on chromosome 5p15.31. Currently, studies examining polymorphisms in the MTRR gene focus on MTRR-A66G (isoleucine→methionine), which decreases enzyme activity, alters folate metabolism, and affects DNA synthesis and methylation. Wilson et al. (1999) reported that the MTRR-A66G polymorphic locus increased the risk of neural tube defects by 5-fold when drill amine hormone levels were low or in the presence of combined MTHFR and MTRR homozygous mutant genotypes. Engel et al. (2006) reported that MTRR-A66G increased the spontaneous preterm birth risk in white subjects, which appeared to be unrelated to folic acid supplementation, while in black subjects, the MTRR-A66G genotype was unrelated to the risk of preterm birth. However, we found a weak correlation between MTRR-A66G and preterm birth in Chinese subjects.
Dihydrofolate reductase (DHFR) can catalyze the reduction of tetrahydrofolic acid. The gene encoding DHFR is located on chromosome 5q14.1 and contains a common polymorphism in intron 1 of a 19-bp deletion, preventing the interaction between the specificity protein 1 transcription factor; intron 1 of many genes is typically a regulatory sequence Takayanagi et al., 1992; Guérin et al., 1995; Clark et al., 1997) . Johnson et al. (2005) studied 324 pregnant women in the impoverished area of Camden, NJ, in the US. Women with a DHFR gene deletion allele showed a significantly higher risk of preterm delivery (adjusted OR = 3.0) compared to women without a deletion allele. Women with both a DHFR deletion allele and low folate intake (<400 g/day from diet plus supplements) showed a significantly higher risk of preterm delivery and significantly higher risk of delivering an infant with a low birth weight compared to women without a deletion allele and with folate intake ≥400 g/day (Johnson et al., 2005) . This polymorphism can reduce the transcription and transportation of folic acid to the fetus. When the intron 1 is present in the Chinese hamster ovary cells, DHFR is higher than that of intron deletion cells, and the protein encoded by the intronless construct is unstable because of lysosomal degradation. Therefore, the DHFR 19-bp deletion allele may be a risk factor for preterm delivery, which may depend on gene-environment interactions (Johnson et al., 2005) . However, we found a weak correlation between the DHFR 19-bp deletion and preterm birth in the Chinese population.
The association between 7 other SNPs, including CBS-C699T, GST01-C428T, MTHFD1-G1958A, NFE2L2-ins1+C11108T, RFC1-G80A, TCN2-C776G, and TYMS-1494del6, and preterm birth has not been previously reported. Because these SNPs are important in the folic acid metabolic pathway (Shaw et al., 2009) , we analyzed the correlation between these SNPs and preterm birth, but only observed weak correlations in the Chinese population.
Compound genotypes were also analyzed in our study. We found that the compound mutation genotypes MTHFD-G1958A, MTR-A2756G, and RFC1-G80A increased the risk of preterm birth (OR = 2.88, 95%CI = 1.08-7.72, P = 0.028). We found that 7 preterm babies carried the compound mutation genotype MTHFD-G1958A, MTR-A2756G, and CBS-C699T, but this compound genotype was not present in term babies. Because of the small size sample in our study, this compound mutation genotype may be another risk factor for preterm birth. In addition to the 2 risk factors, we also found that the combined wild-type genotype MTHFD-G1958A, MTR-A2756G, MTRR-A66G, MTHFR-A1298C, NFE2L2-ins1+C11108T, and RFC1-G80A decreased the risk of preterm birth (OR = 0.41, 95%CI = 0.18-0.94, P = 0.030), and a larger number of wild-type genotypes further lowered the risk of preterm birth, although the difference was not always significant. It was unclear why the 12 SNPs were not independent risk or protective factors, while compound mutations or combined wild-type genotypes increased or decreased the risk of preterm birth. This may be because the folic acid metabolic pathway is very complicated and methods for compensating for deficiencies exist; folic acid metabolism disorder by one or more genetic mutations may be repaired through compensating pathways and folic acid supplementation (Bodnar et al., 2010; Wang and Chen, 2012) .
Although molecular epidemiological studies have confirmed that some of the factors described in this study lead to a high risk of preterm birth, the causes of most cases of preterm labor are unknown and the potential pathogenic mechanisms of preterm birth require further study. Genetic susceptibility is an important factor leading to premature delivery and may synergistically function with environmental factors. The clinical phenotype caused by genetic mutations related to the folate metabolism pathway depends on individual folic acid intake, and thus folic acid supplementation can prevent some cases of preterm delivery. Studies involving a larger sample size of PTBs and controls are underway to validate the potential application of these loci as clinical biomarkers for prenatal screening to determine the risk of PTB in a longitudinal cohort study.
